The Rho family of GTPases have important roles in the morphogenesis of the dendritic spines 1-3 of neurons in the brain and synaptic plasticity [4] [5] [6] [7] [8] [9] by modulating the organization of the actin cytoskeleton 10 . Here we used two-photon fluorescence lifetime imaging microscopy [11] [12] [13] to monitor the activity of two Rho GTPases-RhoA and Cdc42-in single dendritic spines undergoing structural plasticity associated with long-term potentiation in CA1 pyramidal neurons in cultured slices of rat hippocampus. When long-term volume increase was induced in a single spine using two-photon glutamate uncaging 14, 15 , RhoA and Cdc42 were rapidly activated in the stimulated spine. These activities decayed over about five minutes, and were then followed by a phase of persistent activation lasting more than half an hour. Although active RhoA and Cdc42 were similarly mobile, their activity patterns were different. RhoA activation diffused out of the stimulated spine and spread over about 5 mm along the dendrite. In contrast, Cdc42 activation was restricted to the stimulated spine, and exhibited a steep gradient at the spine necks. Inhibition of the Rho-Rock pathway preferentially inhibited the initial spine growth, whereas the inhibition of the Cdc42-Pak pathway blocked the maintenance of sustained structural plasticity. RhoA and Cdc42 activation depended on Ca 21 /calmodulin-dependent kinase (CaMKII). Thus, RhoA and Cdc42 relay transient CaMKII activation 13 to synapse-specific, long-term signalling required for spine structural plasticity.
The Rho family of GTPases have important roles in the morphogenesis of the dendritic spines [1] [2] [3] of neurons in the brain and synaptic plasticity [4] [5] [6] [7] [8] [9] by modulating the organization of the actin cytoskeleton 10 . Here we used two-photon fluorescence lifetime imaging microscopy [11] [12] [13] to monitor the activity of two Rho GTPases-RhoA and Cdc42-in single dendritic spines undergoing structural plasticity associated with long-term potentiation in CA1 pyramidal neurons in cultured slices of rat hippocampus. When long-term volume increase was induced in a single spine using two-photon glutamate uncaging 14, 15 , RhoA and Cdc42 were rapidly activated in the stimulated spine. These activities decayed over about five minutes, and were then followed by a phase of persistent activation lasting more than half an hour. Although active RhoA and Cdc42 were similarly mobile, their activity patterns were different. RhoA activation diffused out of the stimulated spine and spread over about 5 mm along the dendrite. In contrast, Cdc42 activation was restricted to the stimulated spine, and exhibited a steep gradient at the spine necks. Inhibition of the Rho-Rock pathway preferentially inhibited the initial spine growth, whereas the inhibition of the Cdc42-Pak pathway blocked the maintenance of sustained structural plasticity. RhoA and Cdc42 activation depended on Ca 21 /calmodulin-dependent kinase (CaMKII). Thus, RhoA and Cdc42 relay transient CaMKII activation 13 to synapse-specific, long-term signalling required for spine structural plasticity.
Previous studies using two-photon fluorescence lifetime imaging microscopy (2pFLIM) and two-photon glutamate uncaging revealed the spatiotemporal dynamics of the signalling proteins CaMKII and HRas (also known as transforming protein 21) in single spines undergoing structural plasticity and long-term potentiation 12, 13 . CaMKII activation is restricted to spines, and decays rapidly with a time constant of about ten seconds 13 . In contrast, HRas activity spreads from the stimulated spines along dendrites and into surrounding spines over about 10 mm (ref. 12) . However, to achieve long-lasting, spine-specific plasticity, there should also exist signalling pathways that relay compartmentalized signalling on the timescale of minutes to hours. Rho GTPases may constitute such signalling, because they are important in regulating the actin cytoskeleton 3, 16 , which is essential for spinespecific, long-term structural and functional plasticity 14, 17 .
To measure the activation of Rho GTPases in single dendritic spines, we developed fluorescence resonance energy transfer (FRET)-based sensors optimized for imaging under 2pFLIM using a design similar to a previously developed HRas sensor 11 . The RhoA/Cdc42 sensors consist of two components: RhoA/Cdc42 tagged with monomeric enhanced green fluorescent protein (mEGFP) and their binding partner, Rho GTPase binding domain (RBD) of Rhotekin/Pak3, doubly tagged with mCherry (mCherry-RBD-mCherry) (Supplementary note). When mEGFP-Rho GTPase is activated, mCherry-RBD-mCherry binds to mEGFP-RhoA/Cdc42, causing FRET between mEGFP and mCherry ( Supplementary Figs 1 and 2 ). These sensors were verified to be specific and sensitive under 2pFLIM (Supplementary note).
Using these sensors, we measured the activity of RhoA and Cdc42 during spine structural plasticity associated with long-term potentiation b, Time course of RhoA activation measured as a change in the fraction of mEGFP-RhoA bound to mCherry-RBD-mCherry in stimulated spines (stim), the dendritic shaft beside the stimulated spines (dend; within 1 mm), and adjacent spines (adj; between 3-5 mm of the stimulated spines). Data using pharmacological inhibitors (Ctrl, control condition; KN62, CaMKII inhibitor; AP5, NMDA receptor inhibitor) are also shown. The inset to b shows a closer view of the first 4 min. The numbers of samples (spines/neurons) are 35/29 for stimulated spines and dendrites, 29/26 for adjacent spines, 16/10 for KN62 and 8/5 AP5. Error bars are s.e.m. c, Transient (averaged over 16-64 s) and sustained (averaged over 20-38 min) RhoA activation. Stars denote statistically significant difference (,0.05) from the value in the stimulated spines under the control condition. Wilcoxon signed-rank test was used for dendrites and adjacent spines, and analysis of variance (ANOVA) followed by post-hoc tests using the least significant difference was used for experiments with pharmacological inhibitors. ( Figs 1, 2 and 3) . Pyramidal neurons in the CA1 region of cultured hippocampal slices were ballistically 18 transfected with the RhoA or Cdc42 sensor, and the FRET signal was imaged under 2pFLIM. The spine volume was monitored using the red fluorescence of mCherry-RBD-mCherry ( Supplementary Fig. 3 ) 12 . To induce structural plasticity in a single dendritic spine, we applied a low-frequency train of twophoton glutamate uncaging pulses (30 pulses at 0.5 Hz) to the spine in zero extracellular Mg 21 (refs 13, 14 and 19) . The spine volume increased rapidly by about 300% following glutamate uncaging (transient phase) and relaxed to an elevated level of 70-80% for more than 30 min (sustained phase) (Figs 1d and 2d ) [12] [13] [14] . The time course of spine enlargement in neurons expressing the FRET sensor was similar to that in neurons expressing only EGFP (Fig. 4) 
14
, suggesting that the overexpression of FRET sensors causes almost no effects on spine structural plasticity (Supplementary note).
Under basal conditions, there was no correlation between the activity of Rho GTPases and spine volume ( Supplementary Fig. 4 ). When spine structural plasticity was induced, both RhoA ( Fig. 1a and b) and Cdc42 ( Fig. 2a and b) were activated rapidly within about 30 s in the stimulated spines. The activation decayed over about 5 min, followed by sustained activity lasting more than 30 min. RhoA activation spread into the dendrites over several micrometres (Figs 1a-c, and 3a and b), and invaded surrounding spines to a small extent (,25% of the stimulated spines). In contrast, Cdc42 activation was restricted to the stimulated spines (Figs 2a-c, and 3c and d). For both RhoA and Cdc42, the gradient at the spine necks was maintained for more than about 30 min (Figs 1b and c, and 2b and c).
Next, we pharmacologically identified the signalling pathways that activate RhoA and Cdc42. Inhibition of N-methyl-D-aspartic acid (NMDA) receptors with 2-amino-5-phosphonopentanoic acid (AP5, 50 mM) abolished activation of RhoA (Fig. 1b and c) and Cdc42 ( Fig. 2b and c) as well as spine enlargement (Figs 1d and e, and 2d and e) 14 , indicating that RhoA and Cdc42 are activated by Ca 21 through NMDA receptors. The CaMKII inhibitor KN62 is known to strongly inhibit sustained spine enlargement, but has significantly less of an effect on transient spine enlargement (Figs 1d and e, and 2d and e) 13, 14 . KN62 (10 mM) partially inhibited RhoA and Cdc42 activation during the transient phase, and more strongly during the sustained phase. (Figs 1b and c, and 2b and c) . Expression of autocamtide CaMKII inhibitor peptide 2 (AIP2) also inhibited spine volume change and Rho GTPase activation in a similar manner ( Supplementary Fig. 5 ). These results suggest that RhoA and Cdc42 are downstream of CaMKII.
We next characterized the spatial profile of RhoA and Cdc42 activities along dendrites as a function of the distance from the stimulated spines (Fig. 3) . RhoA activity showed a relatively small gradient between the stimulated spines and dendrites, and spread along the dendrites. The length constant of spread along the dendrite was 4.5 mm (Fig. 3a and b) , a value similar to that for HRas (about 10 mm) 12 . In contrast, Cdc42 activation was restricted to the stimulated spines ( Fig. 3c and 
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dendrite and decayed sharply with a length constant of around 1.9 mm ( Fig. 3c and d) . These experiments were performed at room temperature (25-27 uC), but similar results were also obtained at nearphysiological temperature (32-34 uC; Supplementary Figs 6 and 7).
To test whether the difference in the degree of the compartmentalization of RhoA and Cdc42 is due to a difference in their mobility 12, 13 , we measured spine-dendrite diffusion coupling using photoactivatable GFP (paGFP) 20 fused to Rho GTPases. Following photoactivation of paGFP in a spine, the fluorescence intensity in the spine decayed owing to the diffusion of paGFP-Rho GTPases out of the spine with a time constant of about 3 s for the wild type and about 5 s for their constitutively active mutants (Fig. 3e-h) . These values are about ten times larger than the decay time constant of cytosolic paGFP (,0.4 s) and similar to that of a constitutively active HRas mutant (,5 s) (Fig. 3e-h ) 12 . The difference between wild-type Rho GTPases and constitutively active mutants presumably reflects the difference in the fraction of the protein bound to the plasma membrane, given that active Rho GTPases are localized on the plasma membrane 21 . There was only a small fraction (10-20%) of fluorescence remaining at 20 s after photoactivation ( Fig. 3e-h ), suggesting that no major immobile fraction of RhoA or Cdc42 exists in spines. Thus, Cdc42 is as mobile as RhoA and HRas, yet only Cdc42 shows the compartmentalized activity.
Next, to elucidate the roles of Rho GTPase activation in spine structural plasticity, we measured the spine volume change under the inhibition of Rho or Cdc42 signalling (Fig. 4a-j) . Downregulation of RhoA and RhoB with short-hairpin RNA (shRNA) decreased the transient volume change, but did not appreciably affect the sustained volume change (Fig. 4a, i and j) . In contrast, shRNA against Cdc42 decreased the sustained volume change, but not the transient volume change (Fig. 4e, i and j) . The phenotypes caused by these shRNAs were rescued by co-expressing shRNA-resistant mEGFP-Rho GTPases (Fig. 4b, f, i and j) , indicating that the effect of the shRNAs is specific (Fig. 1b) , Cdc42 (Fig. 2b) and CaMKII 13 in spines undergoing structural plasticity. The time courses were normalized to the peak. The righthand panel shows a closer view of the first 4 min.
RESEARCH LETTER
and the mEGFP-RhoA and mEGFP-Cdc42 used in the FRET sensors are functional as endogenous proteins. Because downregulation of proteins with shRNA is partial ( Supplementary Fig. 8 ) and requires a relatively long time (4 days), we also inhibited Rho and Cdc42 signalling by expressing mCherry-C3 transferase, a Rho inhibitor 22 , and the Cdc42 binding domain of Wasp (221-321) tagged with mCherry (Wasp) 23 , respectively, for shorter time (24 h). Rho inhibition with C3 transferase inhibited both the transient and the sustained phases (Fig. 4c, i and j) , showing stronger effects than shRNA (Fig. 4a, i and j). Cdc42 inhibition with Wasp inhibited the sustained phase but not the transient phase (Fig. 4g, i and j) , consistent with the shRNA result (Fig. 4e, i and j) . Thus, our data suggest that Rho signalling is required for the transient phase and probably the sustained phase of spine enlargement, whereas Cdc42 signalling is required for the sustained phase. Neither C3 transferase nor Wasp affected CaMKII activation ( Supplementary Fig. 9 ), indicating that there is no feedback signalling from Rho and Cdc42 to upstream Ca 21 and CaMKII. C3 transferase and Wasp also inhibited synaptic potentiation induced by pairing postsynaptic depolarization (0 mV) and two-photon glutamate uncaging ( Supplementary Fig. 10 ) 13, 14 , suggesting that Rho and Cdc42 are important for the functional plasticity as well as the structural plasticity of spines.
Among known effectors of Rho and Cdc42, Rock and Pak are two kinases that can be activated respectively by these GTPases [24] [25] [26] . We tested whether they are required for structural plasticity through acute (30-40 min) application of specific pharmacological inhibitors.
Inhibition of Rock with Glycyl-H1152 (2 mM)
27 suppressed both transient and sustained volume change (Fig. 4d, i and j) , similarly to the Rho inhibitor C3 transferase (Fig. 4c) . In contrast, inhibition of Pak with inhibitor targeting Pak1 activation-3 (IPA3) (100 mM) 28 decreased the sustained volume change selectively without changing the transient volume change (Fig. 4h, i and j) , similarly to inhibition of Cdc42 signalling ( Fig. 4e and g ). Taken together with the results from Rho/Cdc42 inhibition ( Fig. 4a-j) , our data implies that the Rho-Rock pathway is required for both the transient and sustained phases, whereas the Cdc42-Pak pathway is required for the sustained phase of the structural plasticity but not for the transient phase (Fig. 4k) .
In this study, we visualized RhoA and Cdc42 activation in single dendritic spines undergoing structural plasticity associated with longterm potentiation [12] [13] [14] [15] 19 . The time course of their activation was similar to that of the volume change: rapid activation was followed by persistent activation lasting more than 30 min (Fig. 4l) . As expected from its high mobility (Fig. 3) , RhoA spread into the dendrite upon activation (Fig. 1a-c) 
13
. However, the activity invasion into adjacent spines was relatively small (25% of the stimulated spines, Fig. 1b and c) and was not sufficient to produce plasticity ( Fig. 1d and e) . In contrast with the diffusive pattern of RhoA activity, Cdc42 activity was restricted to the stimulated spines (Figs 2 and 3) . The compartmentalization of Cdc42 activity is not due to the limited diffusion of active Cdc42, because active Cdc42 is as mobile as RhoA and HRas (Fig. 3e-h) . Given that the high spatial gradient of Cdc42 between the stimulated spines and dendrite was maintained for more than 30 min (Fig. 2b and c, and  3d ), Cdc42 must be continuously activated at the stimulated spines during plasticity, and inactivated immediately after diffusing out of the spines. The short length constant of Cdc42 in the dendrites (1.9 mm, Our results further indicated that RhoA and Cdc42 activation is CaMKII-dependent, and activation lasts for more than 30 min (Figs 1  and 2 ). The previous imaging study suggested that CaMKII activity decays with a time constant of about 10 s (Fig. 4k and l) 
, thereby integrating NMDA-receptor-evoked Ca 21 transients that last for about 0.1 s (refs 13 and 29) . Localized, persistent activation of RhoA and Cdc42, which peaks between CaMKII activation and the volume change (Fig. 4l) , relays the transient CaMKII signalling 13 to long-term spine structural plasticity (Fig. 4k) . In particular, because both CaMKII 13, 14 and Cdc42 exhibit spine specific activation and are required for the maintenance of plasticity (Fig. 4e, g, i and j) , the NMDA receptorCaMKII-Cdc42-Pak pathway (red line in Fig. 4k ) constitutes the spine-specific signal transduction spanning the timescale from less than one second to more than half an hour to cause sustained structural and functional spine plasticity (Fig. 4k and l) .
METHODS SUMMARY
Hippocampal cultured slices were prepared from postnatal day 6-7 rats as described 30 . Neurons were sparsely transfected with Rho GTPase FRET sensors using ballistic gene transfer 18 at days in vitro 10-14, and imaged 2-4 days after transfection. Rho-GTPase activity was measured using 2pFLIM (green) and spine volume change was monitored by measuring the fluorescence intensity of mCherry-RBD-mCherry (red) in spines using normal two-photon microscopy ( Supplementary Fig. 3 ) 12, 13 . Most of the imaging experiments were performed at room temperature (25-27 uC).
METHODS
Plasmids. Plasmids containing Dbl/p50RhoGAP, Rhotekin(8-89), C3 transferase, RhoA/Cdc42/Pak1(65-118), and Wasp were the kind gifts of K. Hahn, G. Bokock, A. Aplin, M. Matsuda and S. Soderling, respectively. Pak3(60-113) was prepared by introducing mutations M99I and S115L into Pak1(65-118). mEGFPRhoA and mEGFP-Cdc42 were prepared by inserting human RhoA and Cdc42 coding sequences into the pEGFP-C1 vector (Clontech) containing the A206K monomeric mutation in EGFP 31 . Because the transcription of human RhoA is terminated at the codon 349-353 (AATAA) in Escherichia coli, we introduced a silent mutation from AATAA to AACAA at the site, which does not change the amino acid sequence. This sequence was used for all experiments. The linker between mEGFP and Rho GTPases (RhoA and Cdc42) is SGLRSRG. Tandem mCherry 32 was prepared by replacing the EGFP of the pEGFP-N3 vector with two mCherry. mCherry-Rhotekin(8-89)-mCherry and mCherry-Pak3(60-113)-mCherry were prepared by inserting Rhotekin(8-89) and Pak3(60-113) into tandem mCherry, respectively. The linkers between Rhotekin(8-89) and mCherry are SGLRSG for the amino terminus and VDVTAGPGSG for the carboxy terminus. The linkers between Pak3(60-113) and mCherry are SGLRSRG for the N terminus and GSG for the C terminus. Photoactivatable GFP (paGFP) 20 -Rho GTPases were prepared by replacing the mEGFP of the mEGFP-Rho GTPases with paGFP (A206K). Mutations were introduced using a Site-Directed Mutagenesis kit (Stratagene). shRNAs were prepared using the pSuper vector (Oligoengine) with kanamycin resistance gene. The following target sequences were used for shRNA (59-39): GGGCAAGAGGATTATGACA for Cdc42 (rat and human), GAAGG ATCTTCGGAATGAT for RhoA (mouse, rat and human), CATCTTGGTGG CCAACAAA for RhoB (rat) and GTGTTGAAGTATCTGTACG for control. shRNA-resistant RhoA and Cdc42 were prepared by introducing three silent mutations in the targeted sequences. mCherry-C3 transferase (34-end) and mCherry-Wasp(210-321) were prepared into the pEGFP-C1 vector without EGFP. Proteins. Polyhistidine-tagged mEGFP, mCherry, super-folder GFP (sfGFP)-Rho GTPases 33 , mCherry-RBDs and their mutants were cloned into the pRSET bacterial expression vector (Invitrogen). Proteins were overexpressed in E. coli (DH5a), purified with a Ni Preparation. Hippocampal slices were prepared from postnatal day 6-7 rats, as described 30 , in accordance with the animal care and use guidelines of Duke University Medical Center. After 1 to 2 weeks in culture, CA1 pyramidal neurons were transfected with ballistic gene transfer 34 using gold beads (8-12 mg) coated with plasmids containing 30 mg of total complementary DNA (donor:acceptor 5 1:1), and imaged 2-4 days after transfection.
HeLa and Rat1 cells were cultured in Dulbecco's modified Eagle medium supplemented with 10% fetal calf serum at 37 uC in 5% CO 2 and transfected using Lipofectamine (Invitrogen). Two-photon fluorescence lifetime imaging. Details of FRET imaging using a custom-built two-photon fluorescence lifetime imaging microscope have been described previously 35, 36 . mEGFP and mCherry were simultaneously excited with a Ti:sapphire laser (Maitai, Spectraphysics) tuned at a wavelength of 920 nm. The fluorescence was collected by an objective (603, numerical aperture 0.9, Olympus), divided with a dichroic mirror (565 nm) and detected with two separated photoelectron multiplier tubes placed after wavelength filters (Chroma, HQ510/70-2p for green and HQ620/90-2p for red). For fluorescence lifetime imaging in the green channel, a photoelectron multiplier tube with low transfer time spread (H7422-40p; Hamamatsu) was used. A wide-aperture photoelectron multiplier tube (R3896; Hamamatsu) was used for the red channel. Fluorescence lifetime images were obtained using a time-correlated single photon counting board (SPC-140; Becker and Hickl) controlled with custom software 11 . The red signal was acquired using a separate data acquisition board (PCI-6110) and Scanimage software 37 . Two-photon glutamate uncaging. A second Ti:sapphire laser tuned at a wavelength of 720 nm was used to uncage 4-methoxy-7-nitroindolinyl-caged-Lglutamate (MNI-caged glutamate) in extracellular solution with a train of 4-6-ms, 8-mW pulses (30 times at 0.5 Hz) near a spine of interest. Experiments were performed in Mg 21 fee artificial cerebral spinal fluid (127 mM NaCl, 2.5 mM KCl, 4 mM CaCl 2 , 25 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 and 25 mM glucose) containing 1 mM tetrodotoxin and 2 mM MNI-caged L-glutamate aerated with 95% O 2 and 5% CO 2 at 25-27 uC, as described previously 13 . In Supplementary Figs 6 and 7 , neurons were maintained at 32-34 uC using a temperature controller (TC324B, SW-10/6 and SH-27B, Warner Instruments).
Two-photon photoactivation of photoactivatable GFP. Two-photon images of paGFP tagged proteins were acquired every 64 ms using a Ti:sapphire laser tuned at a wavelength of 940 nm. For photoactivation of paGFP, the uncaging laser tuned at a wavelength of 800 m was used to apply a pulse of 8 mW with 6-10 ms duration at a spine head. To determine the decay time constant t and the immobile fraction f im , the paGFP fluorescence F was fitted with an exponential function, F(t) 5 F 0 exp(2t/t) 1 f im , where F 0 is the fluorescence intensity at t 5 0. 2pFLIM data analyses. To obtain the mEGFP fluorescence lifetime, we summed over all pixels in an image of a cell expressing mEGFP-Rho GTPases, and fitted a fluorescence lifetime curve with a single exponential function convolved with the Gaussian pulse response function:
where F 0 is the constant, and
in which t D is the fluorescence lifetime of the free donor (mEGFP-Rho GTPase), t G is the width of the Gaussian pulse response function, F 0 is the peak fluorescence before convolution and t 0 is the time offset, and erf is the error function. To measure the fraction of donor bound to acceptor, we summed all pixels over a whole image and fitted a fluorescence lifetime curve with a double exponential function convolved with the Gaussian pulse response function:
where t AD is the fluorescence lifetime of donor bound with acceptor, and P D and P AD are the fractions of free donor and donor bound with acceptor, respectively. We fixed t D to the fluorescence lifetime obtained from free mEGFP-Rho GTpase (2.59 ns). To generate the fluorescence lifetime image, we calculated the mean photon arrival time, ,t., in each pixel as 38 :
,t. 5 #tF(t)dt/#F(t)dt
The mean photon arrival time is then related to the mean fluorescence lifetime ,t. by an offset arrival time t o , which is obtained by fitting the whole image 35 
:
,t. 5 ,t. 2 t 0
For small regions of interest in an image (spines or dendrites), we calculated the binding fraction (P AD ) as 35 :
Overexpression level of Rho GTPase sensors in neurons. The concentration of mEGFP-Rho GTPase and mCherry-RBD-mCherry in neurons was estimated by measuring fluorescence intensity of mEGFP and mCherry in thick apical dendrites under two-photon microscopy relative to that of purified, polyhistidine-tagged mEGFP (1 mM) and mCherry (10 mM), respectively 39 . Measurements of the affinity between Rho GTPases and RBDs. Purified sfGFP-Rho GTPases (RhoA and Cdc42) were loaded with GppNHp (29,39-O-N-methyl anthraniloyl-GppNHp) and GDP by incubating in the presence of tenfold molar excess of GppNHp and GDP in MgCl 2 -free phosphate buffered saline containing 1 mM EDTA for 10 min, respectively. The reaction was terminated by adding 10 mM MgCl 2 (ref. 40) . sfGFP-Rho GTPases and mCherry-RBD were mixed and incubated at room temperature for 20 min. FRET between sfGFP and mCherry was measured under 2pFLIM, and the fraction of sfGFP-Rho GTPases bound to mCherry-RBD was calculated by fitting the fluorescence lifetime curve with a double exponential function (equation (3)). The dissociation constant was obtained by fitting the relationship between the binding fraction and the concentration of mCherry-RBD with a Michaelis-Menten function (Supplementary Fig. 1) . Estimation of endogenous Rho GTPase concentration. We determined the concentrations of CaMKIIa, RhoA, and Cdc42 in the CA1 region of hippocampal slice culture by semiquantitative western blotting (Supplementary Fig. 15 ). First, the CA1 regions from ten slices were collected and weighed. The series of purified CaMKIIa (4 mM, 10 mM, 20 mM, 30 mM, 40 mM), RhoA (0.1 mM, 0.2 mM, 0.5 mM, 1.0 mM, 1.5 mM), or Cdc42 (0.1 mM, 0.2 mM, 0.5 mM, 1.0 mM, 1.5 mM) were prepared to the same weights as the CA1 tissue. The CA1 tissue and purified proteins were dissolved in SDS sample buffer, and analysed by western blotting. The following antibodies were used: anti-CaMKII (EP1829Y; Abcam); anti-RhoA (26C4; Santa Cruz Biotechnology); anti-Cdc42 (BD44; BD Transduction Laboratories); goat anti-mouse (Zymax). Chemiluminescence signals were detected using a Storm image acquisition system (Molecular Dynamics), and analysed digitally using ImageJ software. By comparing the band intensities of the purified proteins LETTER RESEARCH to that of lysates from the CA1 tissue, we calculated the concentration of the respective proteins in the CA1 tissue ( Supplementary Fig. 6 ). The concentration was estimated to be 23.4 mM for CaMKIIa, 0.38 mM for RhoA and 0.25 mM for Cdc42. The estimation of CaMKIIa concentration is consistent with that obtained from immunofluorescence 13 . Electrophysiology. Whole-cell patch clamping was performed with patch pipettes (4-9 MV) containing Cs 1 internal solution (130 mM CsMeSO 3 , 10 mM Naphosphocreatine, 4 mM MgCl 2 , 4 mM Na 2 -ATP, 0.4 mM Na 2 -GTP, 10 mM Cs-HEPES [pH 7.3]) 13 . Excitatory postsynaptic current evoked by two-photon glutamate uncaging at a spine was measured through the patch pipette using a patch-camp amplifier (Multiclamp 700B, Molecular Devices). Long-term potentiation was induced within 5 min of patching by pairing depolarization (0 mV) with two-photon glutamate uncaging at a spine (0.5 Hz, 4 ms, 30 pulses). Neurons showing more than 20% drift in the input or series resistances were not used for further analyses.
